A series of 40 nm-thick Fe 100−x Si x (x = 0, 6 or 10 at%) single-crystal lms with an A2 phase were fabricated on MgO(001) substrates. Variations in the ferromagnetic resonant eld (H r ) and linewidth (ΔH) values with changes in the azimuthal angle (ϕ H ) were subsequently evaluated, using an electron cyclotron resonant system with X-band (9.86 GHz) microwaves at room temperature. The H r values exhibited fourfold symmetric behavior while varying the ϕ H . In addition, the ΔH values demonstrated symmetric behavior, with intense peaks in the vicinity of the magnetization hard-axis, and so the ΔH variation was reduced with increasing Si content. An analysis of the data was performed, employing the magnetization coherent rotation model. It was determined that the appearance of strong peaks can be attributed to differences between ϕ H and the magnetization angle (ϕ M ), based on the term [cos(ϕ H − ϕ M )] −1 . This is believed to result from the insuf cient H r strength obtained during measurements with X-band microwaves relative to the anisotropy elds of the lms.
Introduction
In recent years, the ongoing miniaturization of magnetic devices, to as small as several tens of nm, has ensured the widespread implementation of high-density integration. As the number of crystal grains in magnetic lms has decreased in conjunction with this miniaturization, the magnetocrystalline anisotropy of individual grains has become the dominant effect for the entire lm. This can potentially result in anisotropic ferromagnetic resonance (FMR) effects, such as systematic variations in resonant elds (H r ) and linewidths (ΔH), depending on the direction of the external magnetic eld (H). The properties of speci c devices may therefore be unpredictable unless the anisotropic FMR characteristics of the nanoscale lms in these devices can be well-controlled during the manufacturing process. Investigations concerning the anisotropic H r as well as the ΔH values of single-crystal lms could provide helpful solutions to these issues.
The occurrence of in-plane anisotropic ΔH has been widely investigated in pure metallic Fe, Co and Ni [1] [2] [3] [4] as well as in Co 2 MnSi 5) , Fe 4 N 6) , Ni-Fe 7) and Fe-Si 8) alloy systems. As an example, the maximum and minimum ΔH of Fe 4 N pseudo single-crystal lms were determined at room temperature (RT), with the H oriented along the magnetic hard-axes (HA) and easy-axes (EA), respectively. 6) The mechanism leading to anisotropic ΔH behavior is generally dif cult to decipher, because the magnetic properties that in uenced by crystallographic structures of ferromagnetic materials contribute to an anisotropic ΔH. For this reason, ferromagnetic lms with various in-plane magnetocrystalline anisotropy values (K 1 ) but identical crystallographic structures are indispensable when conducting FMR measurements to extract the contribution from K 1 .
Based on the above, the present work examined Fe single-crystal lms with low levels of Si doping (0, 6 or 10 at%). The in-plane K 1 value was found to monotonically decrease with increasing Si content without any changes in the A2 phase crystallographic structure. From the results of this study, it was concluded that the difference between the magnetic eld (ϕ H ) and magnetization (ϕ M ) azimuthal angles makes the dominant contribution to the in-plane anisotropic ΔH value.
Experimental Procedures

Film preparation
Single-crystal Fe 100−x Si x (x = 0, 6 or 10 at%) lms, 40 nm in thickness, were prepared on MgO(001) substrates at 200 C using an ultra-high-vacuum radio frequency magnetron sputtering system equipped with a re ection high energy electron diffraction (RHEED) unit. Prior to lm deposition, the MgO substrates were heated at 600 C for 1 h in the deposition chamber to ensure clean surfaces, as subsequently con rmed by RHEED observations. The details of the lm preparation procedures have been described in previous reports. 9, 10) The structural analysis of the crystals was performed using RHEED and X-ray diffraction (XRD) with a Cu-K α radiation source. Magnetization curves were acquired using a vibrating sample magnetometer (VSM).
FMR measurements
Measurements of H r and ΔH under rotating magnetic elds in the lm plane were performed using an electron cyclotron resonance instrument with X-band (9.89 GHz) microwaves at RT. In preparation for these measurements, rectangular samples with dimensions of 3 × 3 mm were placed on a quartz rod and introduced into the microwave cavity (TE 011 ). lm. These data demonstrate that the saturation eld (H s ) values obtained from the [110] direction were larger than those from the [100], and therefore the HA (EA) corresponded to <110> (<100>). The magnetocrystalline anisotropy energy with fourfold symmetry (K 1 ) value estimated for a H s of 500 Oe and a saturation magnetization (M s ) of 1600 emu/ cm 3 was 4.0 × 10 5 erg/cm 3 . Although the magnetization curves obtained from the other lms are not shown here, Fig. 3 (b) summarizes the estimated K 1 values as functions of Si content, demonstrating a monotonic decrease with the Si level. It should be noted that the K 1 values obtained for these lms were close to the bulk values. 11) Figure 4 (a) shows a typical FMR spectrum obtained from the Fe lm, with ϕ H = 90.4 (HA). The dominant peak in this spectrum appeared at H = 1140 Oe, although the spectrum was complex and an additional, non-negligible peak was observed below H = 450 Oe. The multiple peaks in this spectrum might imply the presence of structural domains due to strong anisotropic elds (H a ), and thus a departure from the FMR condition associated with a uniform mode. In the case of the Fe 94 Si 6 lm, the dominant FMR peaks were obtained over the ϕ H range from 43.6 (EA) to 88.6 (HA), as indicated by the dashed line in Fig. 4(b) . Although the data are not shown here, it was observed that the additional FMR peak disappeared in the case of the Fe 90 Si 10 lm. When analyzing the H r and ΔH, we employed the coherent rotation model. 12) This model is not appropriate for the case of FMR data obtained with multiple domain structures, such as were present in the Fe lm, and so only the Fe 94 Si 6 and Fe 90 Si 10 lms were evaluated.
Results and Discussion
The magnetization free energy per volume (E), representing the sum of the Zeeman energy (E z ), effective demagnetiz- Here Δθ χ50 represents the full width at half maximum of the locking curves. ing energy (E d ) and anisotropy energy (E a ), can be expressed as
Here, M s and θ H(M) represent the saturation magnetization and the polar angle of the magnetic eld (that is, the magnetization) with respect to the [001] direction. Note that the perpendicular magnetic anisotropy energy (K ⊥ ) can be neglected if M s is suf ciently high, such that θ H(M) = 90 (corresponding to in-plane magnetization) in the present lms. In addition, the in-plane uniaxial magnetic anisotropy energy (K u ) can be considered negligible because twofold symmetry was not observed in the magnetization curves (data not shown here). Employing eq. (1) in conjunction with the equations that provide the FMR conditions [13] [14] [15] for θ H(M) = 90 and K u = K ⊥ = 0, all of which are true in the present study, gives ∂E ∂φ M = 0, and
H r can be expressed as
Here, ϕ M is a function of ϕ H , which in turn can be calculated. Although the speci c equation is not shown here, the term f(cos4ϕ M ) results in fourfold symmetry. In these lms, ΔH represents the superposition of several different line broadening mechanisms, and therefore the contributions from ϕ H -independent broadening due to magnetic inhomogeneity (ΔH 0 ), Gilbert damping (ΔH Gilbert ), distribution of anisotropy (ΔH ΔϕH ) and two-magnon scattering (ΔH 2mag ) 16) were considered in this model, as follows
,
∆φ H , and
Here, α, γ, ω r and ω 0 represent the Gilbert damping parame-ter, gyromagnetic ratio, resonant angular frequency and 4πM s γ, respectively. The ΔH ΔϕH term includes the factor sin(4ϕ M ), and therefore fourfold symmetry is predicted. The two-magnon scattering strength, ∑Γ i f i (ϕ H ), in ΔH 2mag is associated with the component cos 2 (ϕ H ). The coef cient 3 −1/2 is added to each of these equations so that ΔH is de ned as the eld difference between the positive and negative peaks of the FMR spectra. Figure 5 (a) summarizes the variation of H r as ϕ H rotates from the [110] (HA) direction of the Fe 94 Si 6 lm. Here, H r is de ned as the cross section eld between the FMR spectrum and the baseline. The plots of H r are seen to deviate from the expected cos(4θ) function, exhibiting a at-bottomed bathtub shape with fourfold symmetry. The maximum and minimum H r values of 1020 and 93 Oe were observed at HA and over a ±30 range with respect to EA. The experimental data were further examined by calculating H r using eq. (3), and these theoretical values were in good agreement with the experimental data when using M s = 1550 emu/cm 3 , K 1 = 3.5 × 10 5 erg/cm 3 and g = 2.12. These values were also close to those obtained by VSM, as shown in Fig. 3(b) . Based on the above, it is evident that K 1 and M s determine the H r difference between HA and EA, and that the appearance of the at-bottomed bathtub shape in the data plot can be attributed to eld dragging by H a , which causes ϕ M to deviate from ϕ H . Figure 5(a-1) shows the calculated values of ϕ M and [cos(ϕ H − ϕ M )] −1 , the eld dragging effect term, as functions of ϕ H . As can be seen, the ϕ M values are different from ϕ H except in the case of ϕ H = 45 and 90 , due to the small value of H r relative to H a . A decrease in [cos(ϕ H − ϕ M )] −1 is also evident between ϕ H = 75 to 80 , after which a rapid increase in H r was observed. Figure 5(b) show the ΔH values of the Fe 94 Si 6 lm. The plots of ΔH evidently departed from the cos(4θ) function, exhibiting pronounced peaks at ±12 with respect to HA. To further examine this behavior, ΔH values were calculated using eq. (4). The resulting ΔH total were in good agreement with the experimental data when assuming α = 0.008, g = 2.12, Δϕ H = 0.12 and ΔH 0 = 20 Oe. The ΔH Gilbert component in this gure somewhat re ects the eld dragging effect, [cos(ϕ H − ϕ M )] −1 . Only in the case of the ΔH Gilbert values were we unable to explain the strong peaks in the experimental data, however, the ΔH ΔϕH values made the dominant contribution. The ΔH total obtained at EA were slightly larger than those observed for the HA, possibly as a result of the contribution from ΔH 2mag . The term ∑Γ i f i (ϕ H ) is associated with the cos 2 (ϕ H ) component that is enhanced in the case of the EA. 4) Figures 5(c) and 5(d) show the results obtained for the Fe 90 Si 10 lm. The H r values described a slightly distorted cosine curve, while the ΔH peaks were drastically reduced, in contrast to the data acquired for the Fe 94 Si 6 lm, in spite of the two lms having the same A2 phase. Figure 5 (c-1) demonstrates that the eld dragging effect, [cos(ϕ H − ϕ M )] −1 , was decreased as the result of the lower H a of this lm compared to that of the Fe 94 Si 6 lm ( Fig. 5(a-1) ).
To assist in examining the data, Table 1 summarizes the parameters used to t the experimental results. Firstly, with regard to the physical meaning of Δϕ H , it is evident that the Δθ χ50 values of 0.81 and 0.95 associated with the Fe 94 Si 6 and Fe 90 Si 10 lms were too large to t the experimental data ( Fig. 2(c) ). In addition, the Δϕ H evidently decreased with Si content, whereas the Δθ χ50 exhibited the opposite trend (that is, it increased). While the mechanisms responsible for these results are unclear, it can be said that there is no relationship predicted between the Δϕ H and the distribution of the in-plane crystallographic orientation. As can be seen from Fig. 5(a-1) and 5(c-1), higher and lower values of [cos(ϕ H − ϕ M )] −1 were associated with the Fe 94 Si 6 and Fe 90 Si 10 lms, respectively. Based on the anisotropic ΔH values observed in this study, it appears that ΔH could be affected by the magnitude of the factor attributable to the K 1 values. The H a values were estimated to be 450 Oe for the Fe 94 Si 6 lm and 350 Oe for the Fe 90 Si 10 , both of which were larger than H r or one half of H r . Therefore, in the case of FMR measurements at higher frequencies (that is, in the Q-band) either non-anisotropic or less anisotropic ΔH values would be expected, since H r must be suf ciently large compared to the H a of the lms in order for the eld dragging effect to be negligible. Since the effective H might also be affected by H a , the physical meaning of the Δϕ H value is considered to be an index that is proportional to the eld dragging factor. In addition to the above, the ΔH 0 (equivalent to the ΔH total offset) was signi cantly smaller for both the Fe 94 Si 6 and Fe 90 Si 10 lms. Since ΔH 0 is attributed to magnetic inhomogeneity, it is helpful to consider the effects of surface roughness, and Figs. 6(a), 6(b) and 6(c) present AFM topography images. In the case of the Fe lm, clear crystal grains are observed, with grain diameters of approximately 20 nm, in conjunction with an R a value of 0.5 nm. In contrast, signi cantly smoother surfaces with R a values less than 0.2 nm were obtained for the Fe 94 Si 6 and Fe 90 Si 10 lms. From these images we conclude that the ΔH 0 values obtained in the present study re ected the lower R a values of these lms.
Conclusions
Variations in the anisotropic ΔH values of 40 nm-thick Fe 100−x Si x (x = 0, 6 or 10 at%) single-crystal lms were examined by both experimental work and theoretical calculations using the coherent magnetization rotation model. The K 1 values of these lms were monotonically reduced with increasing Si content while maintaining the A2 phase, and several other phenomena were observed. Firstly, anisotropic ΔH with fourfold symmetry was determined from each experimental trial, including the ΔH peaks near ϕ H values associated with the HA. Secondly, X-band FMR measurements demonstrated that the magnitude of the anisotropic ΔH can be primarily attributed to the eld dragging effect, [cos(ϕ H − ϕ M )] −1 , that in turn is related to the magnitude of K 1 . Thirdly, the ΔH 0 values were found to be superimposed on the ΔH total , which itself is proportional to surface roughness. Lastly, the slightly larger ΔH values associated with the EA compared to the HA were explained as the result of a greater degree of two-magnon scattering at the EA.
